Sr2FeOsO6 is an insulating double perovskite compound which undergoes antiferromagnetic transitions at 140 K (TN1) and 67 K (TN2). To study the underlying electronic and magnetic interactions giving rise to this behavior we have performed inelastic neutron scattering (INS) and resonant inelastic x-ray scattering (RIXS) experiments on polycrystalline samples of Sr2FeOsO6. The INS data reveal that the spectrum of spin excitations remains ungapped below TN1, however below TN2 a gap of 6.8 meV develops. The RIXS data reveals splitting of the T2g multiplet consistent with that seen in other 5d
Sr2FeOsO6 is an insulating double perovskite compound which undergoes antiferromagnetic transitions at 140 K (TN1) and 67 K (TN2). To study the underlying electronic and magnetic interactions giving rise to this behavior we have performed inelastic neutron scattering (INS) and resonant inelastic x-ray scattering (RIXS) experiments on polycrystalline samples of Sr2FeOsO6. The INS data reveal that the spectrum of spin excitations remains ungapped below TN1, however below TN2 a gap of 6.8 meV develops. The RIXS data reveals splitting of the T2g multiplet consistent with that seen in other 5d
3 osmium based double perovskites. Together these results suggest that spin-orbit coupling is important for ground state selection in 3d-5d
3 double perovskite materials.
a A strong spin-orbit interaction is inherent to 4d and 5d ions, and when this is manifest in the collective properties of materials via spin-orbit coupling (SOC) it fosters a host of unconventional phases. For example, SOC is responsible for the J eff = 1/2 electronic ground state which leads to a Mott insulating phase in 5d 5 Sr 2 IrO 4 [1] , and Kitaev quantum-spin-liquid-like behavior in 4d 5 RuCl 3 [2] . Beyond this J eff = 1/2 paradigm, however, the influence of the spin-orbit interaction on the electronic ground state and emergent properties in 4d and 5d transition metal oxides (TMOs) has been poorly understood.
Recently, a SOC-controlled J = 3/2 ground state was discovered in 5d 3 TMOs Ba 2 YOsO 6 and Ca 3 LiOsO 6 [3] , in contrast with expectations of an orbitally quenched S = 3/2 singlet. Ref. 3 In the cubic double perovskite Ba 2 YOsO 6 the direct influence of the J = 3/2 SOC has been observed via a spin-gap in the magnetic excitation spectrum with inelastic neutron scattering [6] . More broadly, spin gaps have been observed in many single magnetic ion containing 4d 3 and 5d 3 double perovskites and related materials [6] [7] [8] [9] [10] [11] . These results indicate that SOC directly influences the magnetic ground state in otherwise frustrated systems, which provides scope for control of the physi- cal properties of such materials via SOC. However, for practical functional materials, the role which SOC plays in significantly non-cubic materials, and in systems with more complex interactions e.g. mixed 3d-5d systems, are open questions. Here, we investigate these issues in the 3d-5d material Sr 2 FeOsO 6 . Sr 2 FeOsO 6 has attracted a great deal of attention due to highly tunable magnetic behaviour [4, 5, [12] [13] [14] [15] [16] , and because it is an unusual anomaly in the important series of compounds Sr 2 BB O 6 , where B and B are 3d and 4d or 5d magnetic transition metal ions, respectively. These materials are well-known for their potential spintronics applications, and they generally present above room-temperature ferrimagnetism and evolve from halfmetallic to insulating states as T C increases: Sr 2 FeReO 6 T C = 401 K, Sr 2 FeMoO 6 T C = 420 K, Sr 2 CrWO 6 T C = 450 K, Sr 2 CrReO 6 T C = 625 K, and Sr 2 CrOsO 6 T C = 725 K [17] . However, Sr 2 FeOsO 6 with Os 5+ (5d
2 ) is an insulating antiferromagnet which undergoes two magnetic transitions at much lower temperatures, T 1 = 140 K and T 2 = 67 K with Fe and Os ordering in both of the magentic phases( Fig. 1) [4] .
The presence of two transitions in Sr 2 FeOsO 6 suggests competing magnetic interactions. The competition in Sr 2 FeOsO 6 is further demonstrated by the ease with which it can be tuned to other magnetic ground states, either by isoelectronic doping on the A site [13] , or via hydrostatic pressure [15] , which opens a route to straincontrolled epitaxial films as functional devices [15] . Multiple first principles calculations have attempted to identify the interactions controlling this system, yet have produced disparate results with predictions including semiconductor behavior [18, 19] , orbital order [4] , dominant Fe-O-Os superexchange interactions [20] , or dominant Os-O-O-Os extended superexchange [21] . None of these works considered the potential role of the recently discov- ered J = 3/2 ground state possible for the Os 5+ ions [3] . Here we experimentally probe Sr 2 FeOsO 6 via inelastic neutron scattering (INS) and resonant inelastic x-ray scattering (RIXS). We find that despite the tetragonal distortion, SOC induced splitting of the Os 5+ t 2g levels is observed, indicative of a J = 3/2 ground state. This provides a route to strong entry of SOC in this material -a factor which has not previously been explored -and this conjecture is confirmed, as we reveal a spin-gap in the magnetic excitation spectrum via INS. Previously no such feature has been identified in a 3d-5d TMO, only in purely 4d or 5d materials. Unexpectedly, this SOCinduced gap only emerges below the second magnetic ordering temperature T 2 = 67 K. This suggests that SOC is likely intimately linked to the selection of the ground state in Sr 2 FeOsO 6 via SOC-induced anisotropy, similar to Ba 2 YOsO 6 and Sr 2 ScOsO 6 [3, 10] . These considerations should also apply to other 3d-5d
3 combinations such as the high ordering temperature Sr 2 CrOsO 6 [22, 23] .
The 12.8 g polycrystalline Sr 2 FeOsO 6 sample was synthesized by combining stoichiometric quantities of SrO 2 , Os, OsO 2 and Fe 2 O 3 . Ground mixtures were contained in alumina tubes and sealed in evacuated silica vessels for heatings of 48 hours at 1000
• C. This was followed by a regrinding and identical reheating. Laboratory x-ray diffraction measurements were performed to characterize the structural order of the samples studied here. Additional characterization of the structural and magnetic order was provided by neutron powder diffraction measurements performed with HB-2A at the High Flux Isotope Reactor at Oak Ridge National Laboratory (ORNL). The results of the x-ray and neutron diffraction measurements are given in the supplemental material [24] .
Inelastic neutron scattering measurements were performed with the SEQUOIA chopper spectrometer [25] at the Spallation Neutron Source at ORNL. The sample was sealed in a flat plate Al cell with 2 mm thickness in order to minimize the effects of absorption. This cell and an identical empty cell were measured in a closedcycle refrigerator, accessing temperatures between 5 K and 170 K. Incident neutron energies (E i s) of 20 and 60 meV, with fermi chopper frequencies of 120 and 180 Hz respectively, were used. Empty-cell background data has been subtracted from all datasets presented.
RIXS spectra were collected on a small portion of the sample on Sector 27 at the Advanced Photon Source (APS) using the MERIX instrumentation [26] . The sample temperature was controlled between 6 K and 300 K in a closed-cycle refrigerator. Primary diamond(1 1 1) and secondary Si(4 0 0) monochromators were used to access the Os L 3 -edge E i , with a diced Si(4 6 6) analyzer to discriminate the scattered beam energy yielding a energy resolution of 125 meV FWHM. Some scans were also collected with a channel cut Si (4 6 6) analyzer yielding an energy resolution of 55 meV FWHM. A MYTHEN strip detector was used, and experiments were performed in horizontal geometry with 2θ = 90
• . Data are normalized to the incident beam intensity via an ion chamber monitor. Figure 2 displays the excitation spectrum of Sr 2 FeOsO 6 measured with RIXS as a function of E i . As in the case of other osmium-based TMOs [3, 27, 28] , the relative energies of the inelastic features along with the dependence of the inelastic features on E i allows for the identification of intra t 2g processes (maximum intensity near 10.877 keV) and t 2g − e g processes (maximum intensity near 10.881 keV). Figure 3 shows the RIXS spectra from Sr 2 FeOsO 6 measured at selected temperatures in high resolution (a) and low resolution configurations (b). SOC-induced splitting of the t 2g character excited state is apparent at all temperatures in the peaks centered around~0.75 eV. Peak splitting around~1.5 eV is not resolved, but the width which is significantly broader than instrumental resolution and the asymmetric shape of the signal indicate that two peaks are likely present, as found in Ba 2 YOsO 6 and Ca 3 LiOsO 6 [3] . At present it is not clear why the two peaks are not well resolved. Possibilities include the overall tetragonal symmetry and the antisite mixing with 0.856(4) Fe (Os) and 0.144(4) Os (Fe) occupancy on the B (B ) site [24] which is within the typical range for this material [4, 13, 14] .
The high resolution RIXS data were fit with a Lorentizian peak shape, giving excited state energies of 0.717(3), 0.936(4), 1.34(7) and 1.5(2) eV at 6 K. This compares with 0.745(7), 0.971(7), 1.447(9) and 1.68 (1) (7) eV. J h = 3B+C=0.27(1) eV. The values are comparable to those found for Ba 2 YOsO 6 and Ca 3 LiOsO 6 [3] , other related 5d containing double perovskite systems [30, 31] and for NaOsO 3 [32] .
A distinction between the RIXS data for Sr 2 FeOsO 6 and other 5d 3 systems is that there appears to be two excitations between the t 2g and the e g multiplets. These are found to be at 3.05(3) and 4.85(6) eV (indicated by arrows in Fig. 3(b) ). The overall tetragonal symmetry of Sr 2 FeOsO 6 is likely not the reason for the appearance of the two features. At the lowest temperatures the oxygen octahedra surrounding the osmium ions are nearly cubic [13, 14] and both features are observed in the RIXS spectra at all temperatures measured with minimal variation. Another possibility is that the antisite mixing between Fe and Os provides two environments for Os resulting in the two peak structure. A more interesting possibility is that the Hund's coupling on Fe and strong Os-O and O-Fe hybridization for e g orbital results in a large splitting for spin flip and spin parallel excitations from the t 2g to the e g . Such a scenario might, however, lead to a temperature dependent peak splitting depending on the evolution of magnetic correlations on Fe sites.
An overview of the measured INS spectra from 6, 80 and 150 K is shown in Fig. 4 . Whilst there is no significant change in the inelastic spectrum upon crossing T N1 , below T N2 there is a pronounced change in the excitation spectrum, as a gap opens and the intensity is concen- trated at higher energies, see 6 K data. This behavior is reminiscent of the observed gap development below T N in the previously measured single-magnetic-ion 4d 3 
and 5d
3 double perovskites [6] [7] [8] 10] . Note that at the lowest temperatures where the spin gap is the strongest the octahedra surrounding the osmium ions are more symmetric [13, 14] than at higher temperatures indicating that a structural distortion at T N2 is not likely the origin of the observed spin gap.
The detailed (Q, E)-space temperature dependence of the scattering is presented in Fig. 5 . Constant-energy cuts averaged over 2 < E < 3 meV, i.e. within the gap, are shown in Fig. 5(a) . Intensity is observed around wave vector Q ≈ 0.4 Å −1 , which we attribute to scattering near the magnetic wave vector Q AF2 = |(0 0 2 ) magnetic wave vectors, which cannot be resolved in this measurement. Inspecting Fig. 5(a) it is clear that the fluctuations do not go to zero within the gap at 6 K, which is the result of the presence of a significant fraction (31%) of gapless phase 1 remaining at this temperature (see Fig. S2 and associated discussion [24] and Refs. 4 and 5) .
To track the relative strength of the fluctuations with temperature, the data in Fig. 5(b) and (c) have been corrected for the Bose thermal population factor, giving the results in terms of the dynamic susceptibility χ (Q, E). The constant-wave vector cuts, averaged over 0.8-1.8 Å −1 , in Fig. 5(b) show that there is a significant build up of spectral weight in the range ∼ 5-13 meV below T N2 . There is little change in the energy dependence of the scattering at the first transition, T N1 = 140 K. The onset of the gapped magnetic scattering intensity at low temperature appears to be at E ≈ 5 meV, and the peak of the intensity is at 6.8(1) meV, determined by fitting two Gaussians on a flat background to the 6 K cut shown in Fig. 5(b) . The second peak in intensity is determined to be 10.5(1) meV. The observation of two peaks within the band is consistent with the effects of powder averaging the magnetic excitation signals originating from the inequivalent directions present in the tetragonal crystal structure, as seen in other significantly distorted double perovskites [8] . We compare the peak of the lower band, ∆ = 6.8(1) meV, to previous observations of the gap in 4d 3 and 5d 3 double perovskites, as these have followed the convention of using the center of the acoustic band as an estimate of the value of the gap. In Sr 2 ScOsO 6 , Ba 2 YOsO 6 , Ba 2 YRuO 6 and La 2 NaRuO 6 the determined values are ∆ = 19(2) meV, ∆ = 18(2) meV, ∆ ≈ 5 meV and ∆ ≈ 2.75 meV, respectively [6] [7] [8] . Notably, the energy scale of the gap in Sr 2 FeOsO 6 is significantly lower than Os 5+ counterparts Sr 2 ScOsO 6 and Ba 2 YOsO 6 , but still larger than the Ru 5+ examples, in which spin-orbit effects are expected to be reduced.
Another method of estimating the gap was used by Kermarrec et al. [6] for Ba 2 YOsO 6 , in which χ (T ) for E < ∆ is compared to that expected for a thermally activated excitation, i.e., χ (T < T N2 ) ∝ exp(−∆/k B T ). While we see a steep drop in χ (T ) below T N2 in Fig. 5 , instead of a plateau above T N2 , as seen in Ba 2 YOsO 6 , the intensity steadily increases with decreasing temperature towards a maximum at T N2 . We attribute the steady increase predominantly to the competition between phase 1 and phase 2. Similarly, at very low temperatures χ (T ) shows a slight upturn, which we attribute to the remaining ungapped AF1 fraction increasingly tending towards AF2 order. Therefore, the temperature dependence in the region T < T N2 is not expected to follow a exp(−∆/k B T ) dependence, but instead is a combination of this reduction in intensity with the steadily increasing intensity due to the tendency of the AF1 fraction towards
AF2.
The measurements presented have demonstrated that a SOC-induced gap does emerge in the 3d-5d 3 system Sr 2 FeOsO 6 , but only below the second magnetic transition temperature. The neutron diffraction results show that at all temperatures the AF1 and AF2 magnetic phases are associated with different structural phases [24] . These observations together confirm the notion that the lattice, magnetic and orbital degrees of freedom in this material are all intimately linked. It is worth pointing out that the mixing of Fe and Os sites in this material might be taken to suggest that there are two phases associated with separated Fe-rich and Os-rich regions. However, the constant evolution of the AF1 to AF2 phases below 67 K establishes that there is real competition between these phases not associated with stoichiometry (although local stoichiometry may influence T N2 ).
57 Fe Mössbauer spectroscopy supports this interpretation [5] . Therefore, it appears that SOC is an essential component in selection of the magnetic ground states in Sr 2 FeOsO 6 as was found for Sr 2 ScOsO 6 [10] suggesting that similar considerations are important for understanding the ground states and high ordering temperatures in other 3d-5d
3 TMOs. 
